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Abstract 24 
Gut hormones produced by gastrointestinal enteroendocrine cells modulate key 25 
physiological processes including glucose homeostasis and food intake, making them 26 
potential therapeutic candidates to treat obesity and diabetes. Understanding the function 27 
of enteroendocrine cells and the molecular mechanisms driving hormone production is a 28 
key step towards mobilising endogenous hormone reserves in the gut as a new therapeutic 29 
strategy. In this review we will discuss the variety of ex vivo and in vitro model systems 30 
driving this research and their contributions to our current understanding of nutrient 31 
sensing mechanisms in enteroendocrine cells.   32 
 33 
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Abbreviations 35 
5-HT, serotonin 36 
CASR, calcium-sensing receptor 37 
CCK, cholecystokinin 38 
EEC, enteroendocrine cell 39 
ELISA, enzyme linked immunosorbent assay 40 
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FACS, fluorescence activated cell sorting 41 
FFA1,2, free fatty acid receptors 1,2 42 
GI, gastrointestinal 43 
GIP, glucose-dependent insulinotropic peptide 44 
GLP-1, glucagon-like-peptide-1 45 
GLP1R, GLP-1 receptor 46 
Glu, glucagon (promoter) 47 
GLUT, glucose transporter 48 
GPBAR1, G-protein coupled bile acid receptor 49 
GPCR, G-protein-coupled receptor 50 
IBMX, 3-Isobutyl-1-methylxanthine 51 
INSL5, insulin-like-5 52 
NTS, neurotensin 53 
PYY, peptide YY 54 
RIA, radioimmunoassay 55 
SCFA, short chain fatty acids 56 
SGLT, sodium glucose linked transporter 57 
VGCC, voltage, gated calcium channels 58 
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The gastrointestinal (GI) tract epithelium is produced by stem cells that differentiate into 64 
absorptive and secretory cell types including the rare hormone producing enteroendocrine 65 
cells (EECs). Taken as a whole, EECs make up the largest endocrine system in the body, with 66 
over 20 different gut hormones having been described. Classically EECs have been defined 67 
by which hormones they express and secrete (Figure 1), although it is now evident that 68 
individual EECs exhibit an unexpected degree of heterogeneity in hormone expression (1). 69 
Gut hormones play a number of roles in normal and disease physiology and are a major 70 
focus of academic and industrial research. The GI tract is exposed to ingested nutrients, 71 
circulating hormones/nutrients, and other GI components such as bile acids and bacterial 72 
metabolites. Many of these act as physiological stimuli that promote or inhibit hormone 73 
secretion from EECs (Figure 1). Once secreted, gut hormones can act locally in a paracrine 74 
manner and target other cells in the mucosa and local neuronal networks, or enter the 75 
bloodstream to reach distant organs. In this review we will highlight the different 76 
experimental models and tools used for EEC research. 77 
 78 
Model Tissues for Enteroendocrine Research 79 
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There are many models currently being used to investigate EECs. In this review we will 80 
concentrate on ex vivo and in vitro models. The majority of research in the field has been 81 
performed using animal tissues (mostly rodent and in particular murine) as these are readily 82 
available, relatively inexpensive, and make use of the multiple transgenic strains available. 83 
Ideally for research into the role of EECs in health, human tissue would be used, but this is 84 
restricted by tissue availability, practicalities and additional technical difficulties. Some 85 
studies have used pigs, as at is has been suggested they are a more relevant model for 86 
humans; unlike rodents, for example, they express the hormone motilin. However, there are 87 
key digestive differences between the two species, including increased GI fermentation in 88 
pigs which is likely to influence EEC hormone secretion. Pigs also have the disadvantage over 89 
rodents that due to their size, studies require larger facilities, more labour time and 90 
increased animal housing costs.  91 
 92 
Here we will discuss ex vivo model systems involving isolated intestinal perfusion and Ussing 93 
chambers, and in vitro models such as cell lines, short term primary cultures and intestinal 94 
organoids (Figure 2). The characteristics of each model with regard to throughput capability, 95 
tissue suitability, longevity etc have been summarised in Figure 2a.  96 
 97 
 98 
Ex vivo Studies 99 
Isolated intestinal perfusion and Ussing chamber systems are classic ex vivo models that 100 
have been widely used to investigate EEC function in different regions of the GI tract (2-10). 101 
Intestinal perfusion can be performed on animals as small as mice, and generally involve 102 
isolating a target gut segment whilst it is physically retained within the abdominal cavity, 103 
enabling vessel cannulation whilst the heart is still beating. The gut segment under 104 
investigation is defined by the area supplied by the cannulated artery, and the lumen can be 105 
additionally cannulated and perfused (Figure 2c). In further modifications, the method has 106 
been adapted to enable gut hormone sampling from the intestinal lymph (11). Perfused 107 
intestinal models can be used to monitor hormone secretion from different regions of the 108 
small intestine or the colon, and are a useful tool to study EECs in the context of their 109 
surrounding environment, as their local neuronal and vascular circuits largely remain intact, 110 
thus supporting near normal regulation of the EECs. The intestinal epithelial barrier is also 111 
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maintained, allowing luminal and systemic application of nutrients or drugs to identify their 112 
directionality of action. A blood substitute without red blood cells is commonly used for the 113 
vascular perfusion, allowing larger sample volumes and more frequent sampling than is 114 
possible in in vivo studies on mice, and thus better resolution of hormone secretory 115 
dynamics. Hormone secretion has also been measured from isolated intestinal loops 116 
mounted in liquid paraffin, which can be readily perfused via the gut lumen but not through 117 
the vasculature. This method relies on the detection of hormones after they have diffused 118 
through the muscular layers and serosa into the surrounding space where they collect in 119 
small aqueous pools adjacent to the paraffin (12). Although this is a simpler experimental 120 
setup than the vascularly perfused intestine, hormone diffusion is too slow to allow 121 
resolution of the time course of secretion, and the tissue is more prone to hypoxia due to 122 
the lack of continuous vascular perfusion with oxygenated medium. For obvious ethical 123 
reasons, isolated human intestinal perfusion studies are not possible, and most research is 124 
performed in rodents, or sometimes in pigs as they are considered a more human relevant 125 
model. Isolated intestinal perfusion studies involve highly specialised surgical techniques 126 
and are of low throughput compared with the in vitro models which are quicker, easier and 127 
can be scaled up to enable the parallel examination of multiple test conditions.  128 
 129 
Ussing chambers have also been extensively used to study hormone secretion from intact 130 
intestinal tissue pieces (2,6-10). This method involves mounting tissue segments in 131 
specialised chambers that were classically used to investigate mucosal physiology and 132 
pharmacology (Figure 2d). As with the perfused intestinal models, the epithelial barrier is 133 
maintained, enabling questions to be asked about whether drugs and nutrients target EECs 134 
from the luminal or basolateral direction (2,10). In this system the integrity of the tissue 135 
(epithelial barrier) can be assessed using electrodes which enable live assessment of the 136 
trans-epithelial resistance and potential difference of the mounted specimen. Hormone 137 
secretion in Ussing chamber studies can be monitored either by directly assaying hormone 138 
concentrations in the basolateral chamber, or by measuring the electrical properties of the 139 
epithelium which are altered when secreted hormones such as PYY and GLP-1 target their 140 
receptors on enterocytes or enteric neurones. Electrophysiological changes in response to 141 
cAMP elevation through forskolin/IBMX can also be used to assess the 142 
responsiveness/viability of the investigated tissue at the end of the experiment. When 143 
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hormone concentrations are measured in Ussing chambers by immuno-assay, optimisation 144 
of the chamber volumes and tissue size is required to ensure that hormone concentrations 145 
are not below the detection limit of the assay. It is also sometimes necessary to strip away 146 
the muscle layers to improve diffusion of hormones and stimuli between the EECs and the 147 
basolateral fluid compartment.  148 
 149 
A significant drawback of both these ex vivo systems is the limited experimental window 150 
during which the tissue remains healthy. Unlike in vitro models which can be kept for a few 151 
days in primary culture or maintained indefinitely as cell lines, the ex vivo model systems 152 
described above remain viable for only a few hours. Upper small intestinal tissue mounted 153 
in an Ussing chamber, for example, has been shown to become compromised after just 2 154 
hours, although more distal regions were slightly more resilient (13). This has contributed to 155 
a paucity of Ussing chamber studies examining EECs in the upper GI tract. Ussing chambers 156 
have been used to study human as well as mouse EECs, as the method only requires small 157 
tissues pieces that can be obtained under ethical approval from routine surgical operations 158 
that resect normal tissue as part of a clinical procedure. Nevertheless, studies on human 159 
intestine are limited by tissue availability and by the integrity of the epithelium, as human 160 
samples generally incur significant delays between tissue collection and experimentation 161 
(14).  162 
 163 
 164 
In Vitro Studies 165 
Historically, a basic cellular tool for many researchers has been cell lines - immortalised cells 166 
that can be routinely passaged and maintained, and scaled up for high throughput studies 167 
or experiments requiring large cell numbers. There are multiple cell lines used as models for 168 
EEC research, including GLUTag, NCI-H716, STC-1, HuTu-80 and BON cells. Several cell lines 169 
have been used as models for GLP-1 producing L-cells, including GLUTag, a murine 170 
endocrine tumour adherent cell line, STC-1, a rat adherent cell line and NCI-H716, a human-171 
derived suspension cell line (15-18). Multiple disadvantages are associated with the use of 172 
cell lines in research: many lines are derived from tumours and therefore have genetic and 173 
morphological differences from their in vivo counterparts, they are a simplified system and 174 
grown without other cell types present, and they lack many physiological traits of their 175 
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native counterparts with regards to cell morphology and polarity. At the transcriptomic level, 176 
GLUTag and STC-1 cells exhibited many similarities to native L-cells, but also a number of 177 
differences, including altered expression of key G-protein coupled receptors involved in L-178 
cell sensing (19,20). A recent analysis of different EEC cell lines also found substantial 179 
differences in hormone processing compared with native cells (18). Cell lines do, however, 180 
play an important role in EEC research, particularly for studies that require high cell 181 
numbers or high throughput.   182 
In the last decade, techniques and protocols have been developed for the use of primary 183 
EECs in research. A number of groups have measured hormone secretion from intestinal 184 
tissue biopsies, but responses to stimuli are relatively weak in this setting (14,21). In 2008, 185 
Reimann et al published the first protocol for the use of short lived (days) 2-dimensional (2D) 186 
primary cultures of the murine intestinal epithelium for studying EECs, which has recently 187 
been published as a video protocol ((22,23), Figure 2f). This method enabled, for the first 188 
time, assessment of primary L-cells by electrophysiology and calcium imaging techniques, 189 
combined with measures of hormone secretion. Since publication, this technique has been 190 
successfully applied to intestinal tissues from other species including human, and has 191 
supported the identification of many nutrient- and drug-activated pathways involved in the 192 
release of gut hormones from varying regions along the GI tract (2,6,7,20,24-26). Typical 193 
preparations from mouse or human tissue samples generate approximately one 24-well 194 
plate per 5-10cm length of mouse intestine, so this method allows several drug treatments 195 
to be tested in parallel, giving a relatively high experimental throughput compared with ex 196 
vivo studies. Whilst the protocol can potentially be scaled up to 96-well plates or beyond, 197 
the method is ultimately limited by the sensitivity of the immuno-assays used for hormone 198 
detection. The major drawbacks of this system are the short-lived nature of the culture, the 199 
isolation of EECs from some of the surrounding cell types, loss of apico-basal polarity and 200 
lack of the epithelial barrier. In cultures derived from the small intestine, EECs only survive 201 
for a few days, whereas EECs from the colon were still functional after 10 days (23). No new 202 
EECs appear to form under these culture conditions (22,23) so every preparation requires a 203 
fresh tissue sample, incurring associated animal costs and local availability of suitable 204 
mouse strains. Because these intestinal primary cultures do not generate an epithelial 205 
barrier or exhibit apico-basal polarity, they are not suitable for analysis of whether stimuli 206 
act via the apical or basolateral surface.  207 
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 208 
Once EECs have been completely separated from their neighbours by enzymatic or EDTA 209 
dispersal, they seem not to survive for long in culture, although calcium imaging was 210 
successfully performed in acutely isolated CCK-producing cells by flow cytometry based on 211 
their cell specific expression of GFP (27). By contrast, Raghupathi et al (2013) separated 212 
enterochromaffin cells, an EEC type that primarily secretes serotonin (Figure 2e), using a 213 
Percoll density gradient and generated a 95% pure population of enterochromaffin cells that 214 
could be kept in culture for up to 4 days with a 70% survival rate (28-30). The 215 
enterochromaffin cells isolated by this process have been assessed using amperometry, rt-216 
qPCR and calcium imaging. The drawbacks of this technique are similar to those described 217 
for primary intestinal cultures with the added uncertainty of the potential functional 218 
consequences of separating EECs from their neighbouring enterocytes.   219 
 220 
The use of GI organoids rather than primary cultures eliminates the need for a constant 221 
supply of freshly-harvested tissue (Figure 2g). Intestinal organoids are 3D structures grown 222 
from stem cells, and consist of organ-specific cell types that self-organise and show spatially 223 
restricted lineage commitment (31). These organoids are initiated from either pluripotent or 224 
adult stem cells and are grown in specialized media that mimic the stem cell niche. 225 
Protocols to generate intestinal organoids from embryonic or induced pluripotent stem cells 226 
are under development, but still require refinement to optimise the differentiation and 227 
maturation of EECs (32,33). It is relatively straight-forward, however, to produce organoids 228 
from adult intestinal stem cells, which are coerced to form organoids by creating conditions 229 
that mimic the stem cell niche environment deployed during tissue self-renewal or damage 230 
repair. Indeed, the intestine is a self-renewing tissue containing abundant adult crypt stem 231 
cells, and was one of the first tissues to be used to generate long term organoids from 232 
mouse and human (34,35). 3D organoids can be maintained in culture by regular splitting 233 
and re-plating, and can be cryopreserved in much the same way as a standard cell line. 234 
Depending on the intestinal region and species of origin, however, it is often necessary to 235 
change the culture conditions to promote the formation of fully differentiated EECs, and 236 
once they have been induced to form a terminally differentiated state containing functional 237 
EECs, organoid cultures generally have a limited survival of up to a week, thus resembling 238 
the behaviour of primary cultures derived from freshly-harvested tissue.  239 
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Intestinal organoids have recently been used to investigate EEC function and represent a 241 
promising model for EEC research (36,37). When generated from transgenic mouse models 242 
expressing fluorescent sensors and reporters driven by different gut hormone promoters, 243 
for example, they provide a replenishable source of identifiable EECs for single cell analysis. 244 
Organoid cultures have been shown to contain different types of EECs and to retain their 245 
regional identity with regard to the profile of gut hormones produced (38). Other studies 246 
have shown that EECs generated within intestinal organoids are responsive to a range of 247 
physiological stimuli and are secretion competent (36,37,39,40). Cells within 3D organoids 248 
have apico-basal polarity with their apical membranes located towards the organoid core. 249 
Apical surfaces are therefore largely inaccessible when stimuli are applied via the media, 250 
which is a potential limitation of the model as most nutritional stimuli first reach their target 251 
EECs in vivo via the gut lumen. However, experiments using dextran labelling have 252 
suggested that organoids are leaky and that solutions can readily reach the apical 253 
membrane (40). We recently developed a 2D plating method for intestinal organoids to 254 
facilitate patch clamp electrode access, cellular imaging within a single focal plane and 255 
measurements of GLP-1 secretion (36). Data from these studies showed that L-cells derived 256 
from murine organoids exhibited similar responses to L-cells in ileal primary cultures, thus 257 
validating the system as a good model for EEC research. This method is particularly exciting 258 
because organoids, like cell lines, can be genetically modified to produce lines with 259 
knockout, knockin and overexpression of genes of interest. Similar genetic manipulations of 260 
human derived organoids would give this technique unique advantages compared with 261 
other ex vivo and in vitro models.  262 
 263 
Interestingly, recent progress has been made in converting 3D organoid cultures to an open 264 
faced polarised epithelium that can be used for transport studies (41,42). One such 265 
technique has been shown to recapitulate the normal intestinal hierarchy and morphology, 266 
with the formation crypt/villus structures resembling in vivo tissue architecture (41). This 267 
method combined with genetically modified organoids will potentially open up new 268 
avenues for EEC research that are not currently possible with existing techniques.  269 
 270 
  271 
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Experimental Tools for EEC Research 272 
 273 
Hormone Secretion Studies 274 
The experimental models described above have been developed to study the mechanisms 275 
regulating hormone secretion in response to application of drugs or physiological stimuli. 276 
There is widespread interest in this field, because gut hormones have a variety of 277 
physiological roles, are currently exploited therapeutically for the treatment of type 2 278 
diabetes and obesity, and are under evaluation as future drug targets for a variety of 279 
metabolic and GI conditions. Hormones secreted by EECs have been measured by enzyme 280 
linked immunosorbent assays (ELISA), radioimmunoassays (RIA), mass-spectrometry, 281 
amperometry and by their effects on epithelial short circuit currents. 282 
 283 
Immuno-assays use antibodies directed against target peptides, linked to quantifiable 284 
outputs such as enzymatic reactions, radioisotopes or electroluminescent signals that are 285 
related to the quantity of antibody bound to the target peptide. The best immuno-assays 286 
have a very high sensitivity, which is essential for the analysis of gut hormone 287 
concentrations that typically range from 1-100 pg/ml in plasma. Nevertheless, an immuno-288 
assay is only as good as its component antibodies, which must have both high affinity and 289 
high specificity. These are typically tested by cross-reactivity experiments with other 290 
peptides as well as standard curve analysis using serial dilutions of target peptides. ELISAs 291 
have been successfully used to measure GLP-1, GIP, SST, neurotensin, serotonin and PYY 292 
secretion from a variety of ex vivo and in vitro models  (4,6,23,26,28,43). Drugs which 293 
directly target known secretory signalling pathways, including cAMP (IBMX, forskolin) and 294 
protein kinase C (PMA) are typically used as positive controls in hormone secretion 295 
experiments. 296 
 297 
As discussed above, individual EECs can produce multiple hormones, and an ideal detection 298 
method would therefore enable the parallel measurement of multiple hormones from the 299 
same sample. This can be achieved by multiple or multiplexed ELISAs, but the performance 300 
of multiple assays on the same sample is generally limited by cost and sample volumes, and 301 
many multiplexed assays still perform less well than when individual hormones are assayed 302 
separately. The use of liquid chromatography tandem mass spectrometry (LC-MS/MS) for 303 
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the detection of peptide hormones is an emerging field that enables the parallel detection 304 
of multiple hormones from a single sample (44,45). This is particularly useful for hormones 305 
such as INSL5, for which there are currently no reliable commercial immunoassays available 306 
(46). Using LC-MS, we could detect INSL5 secretion from primary human and mouse colonic 307 
cultures (44), and have simultaneously measured GLP-1, PYY and INSL5 release from human 308 
and mouse colonic cultures in response to a variety of drugs and physiological stimuli (47). 309 
LC-MS/MS analysis of hormone levels does come with some caveats compared to traditional 310 
ELISAs, including generally lower sensitivity and the need for modified peptides to be spiked 311 
into each sample to both account for loss during preparation and to accurately quantify the 312 
relevant hormone levels.  313 
 314 
Serotonin secretion from isolated enterochromaffin cells has been measured by ELISA or 315 
carbon fibre amperometry (14,28,29). Amperometry enables the detection of individual 316 
vesicular release events which trigger discrete currents in the carbon fibre electrode due to 317 
the oxidation of serotonin (29,48). 318 
 319 
 320 
Transgenic Mice 321 
The generation of transgenic reporter mice has enabled a dramatic increase in our 322 
understanding of EEC function and has helped to identify and validate a wide range of 323 
signalling pathways controlling hormone secretion from the intestine. Most genetically 324 
modified mouse models used in EEC research harness cell-specific promoters, such as the 325 
promoters for the hormones themselves (e.g. GLP-1, GIP, CCK, SST, ghrelin), chromogranin A, 326 
EEC-specific transcription factors (e.g.NeuroD1) or tryptophan hydroxylase (Tph1, required 327 
for serotonin biosynthesis) (Figure 3) (23,26,43,49-57). These EEC-specific promoters are 328 
used to drive cell-specific expression of fluorescent reporters/sensors or Cre-recombinase.  329 
Interestingly, the Chga-hrGFP reporter line seems specifically to label enterochromaffin cells 330 
even though ChgA is considered to be a marker of most EECs, although this mirrors our 331 
previous observation that ChgA staining was low in murine L-cells compared with other EECs 332 
(37,56).  333 
 334 
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When the fluorescent reporter is directly driven by a hormonal promoter, the detection of 335 
fluorescence in a cell should reflect current or recent activity of the hormonal promoter, as 336 
is seen with mouse strains such as GLU-Venus, GIP-GFP, CCK-GFP and ChgA-hrGFP 337 
(23,52,56,58). Hormone promoters driving Cre-recombinase, by contrast, are actually 338 
lineage tracers in the sense that even a brief activation of the hormone promoter and 339 
consequent transient expression of Cre-recombinase can activate Cre inducible elements in 340 
the DNA, causing permanent genetic changes that persist for the lifetime of the cell and are 341 
passed on to daughter cells. If Cre-expression is used to label an EEC population, it does not 342 
therefore necessarily reflect ongoing hormone expression. This can be useful when the 343 
endogenous cell-specific promoter is too weak itself to drive detectable fluorescence, 344 
because it is used instead to activate a fluorescent reporter that is driven by a much 345 
stronger promoter. Although, as with all indicators, one might be concerned that chronic 346 
overexpression of fluorescent reporters might be toxic or alter the dynamics of the 347 
monitored secondary messengers, we have not detected any differences in the 348 
responsiveness of our reporter lines to different secretory stimuli and observed similar Ca2+-349 
dynamics when monitoring with GCaMP3 or Fura-2. 350 
 351 
Transgenic mouse technologies have allowed researchers to identify the rare EEC cells 352 
amongst the rest of the intestinal epithelial cells, enabling application of a wide variety of 353 
analytical methods, including population and single cell transcriptomics, electrophysiology 354 
and single cell imaging of intracellular signalling pathways. 355 
 356 
Flow cytometry 357 
EECs expressing fluorescent reporters, derived from transgenic mouse models, can be 358 
readily separated from their non-fluorescent neighbours by fluorescence-assisted cell 359 
sorting (FACS) following dispersal of the mucosa by enzymatic digestion or EDTA (23). Flow 360 
cytometry gates set on forward scatter and side scatter enable the distinction between cells 361 
and debris, and an additional pulse width gate is useful to reduce the collection of cell 362 
clusters containing a single fluorescent EEC that appear on the FACS as a single large 363 
fluorescent cell. EEC populations of 90-95% purity can be achieved by FACS, with the major 364 
limiting feature being the quality of the single cell digest. Additional nuclear stains are 365 
frequently used to exclude dead cells.  366 
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 367 
Flow cytometry can also be used to analyse the proteins produced by individual EECs, in a 368 
method that involves fixation and antibody staining of cell suspensions following tissue 369 
dispersal (19). The technique enables the identification and quantification of EECs producing 370 
e.g. different hormonal combinations, or other high abundance proteins that are readily 371 
detectable using antibodies. We have also developed protocols to enable transcriptomic 372 
analysis of fixed and stained EECs following FACS purification, allowing the characterisation 373 
of non-murine species, including human, that do not carry transgenic markers (Roberts et al, 374 
manuscript under review). A similar approach has recently been reported for the isolation of 375 
murine chromaffin cells not relying on transgenic labelling (59). 376 
 377 
Transcriptomics 378 
FACS purified EECs have been analysed at the transcriptomic level by rt-qPCR to quantify 379 
pre-selected transcripts, and by microarrays and RNA seq to identify all transcripts. RNA 380 
sequencing methods are now sufficiently sensitive to permit analysis of single cells as well 381 
as cell populations, although single cell analysis is still limited by read-depth and the costs of 382 
analysing large numbers of cells individually. By these methods, it has been shown that 383 
primary EECs express a wide variety of G-protein coupled receptors (GPCRs), transporters 384 
and channels which have subsequently been shown to play roles in the function and 385 
physiology of EECs (23,37,60). Application of single cell RNA sequencing methods to 386 
investigate EECs was first achieved by random sampling of intestinal organoid cells (61) or 387 
primary cells (1) and more recently was applied to duodenual L-cells purified by FACS from 388 
the GLU-Venus mouse model (58). These data have highlighted the heterogeneity of EECs 389 
with regard to expression of multiple hormones and GPCRs. Enterochromaffin cells in 390 
organoids labelled with the ChgA-hrGFP reporter have also been investigated by rt-qPCR 391 
and RNA sequencing, to identify the channels/transporters and receptors that are 392 
differentially expressed compared with the non-fluorescent cell population (37).  393 
 394 
Electrophysiology 395 
Electrophysiology evaluates the flow of ions or potential difference across biological tissues, 396 
or cell membranes. In Ussing chambers, the short circuit current can be used as a measure 397 
of net ion transport across the epithelium and has been used to assess PYY secretion 398 
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triggered by nutrients, hormones and drugs (6,9). Locally released PYY binds to NPY1R 399 
receptors on enterocytes, thereby lowering intracellular cAMP concentrations and blocking 400 
apical chloride secretion which can be measured by changes in the short circuit current (8).  401 
 402 
Early patch clamp studies of STC-1 cells revealed the presence of voltage gated Ca2+ and K+ 403 
currents, but did not find any direct evidence that the cells fired action potentials (62). 404 
GLUTag cells, and EECs in primary cultures and organoids, by contrast, were found to be 405 
electrically active and capable of firing action potentials dependent on voltage gated Na+ 406 
and Ca2+ channels (23,36,37,60,63-67). The detection of electrical activity in GLUTag and 407 
primary L-cells likely reflects the use of perforated patch rather than whole cell recordings 408 
which retain a more physiological intracellular milieu. Indeed, EECs exhibit very high 409 
electrical resistance, and only small leak currents are sufficient to abolish action potential 410 
firing. Whilst patch clamping of colonic primary L-cells (identified using GLU-Venus mice) 411 
and GLUTag cells is relatively straight forward because colonic L-cells survive in culture for 412 
over a week (64,67), we found it considerably more difficult to patch clamp duodenal EECs 413 
in primary culture because they only survived for a few days, and produced substantial 414 
quantities of mucus that tended to block the electrodes. Organoid-derived ileal L-cells, 415 
however, proved a more robust system for patch clamping, revealing that ileal L-cells like 416 
their colonic counterparts fire action potentials that are modulated by external stimuli (36). 417 
Organoid-derived enterochromaffin cells from ChgA reporter mice also exhibited Na+ and 418 
Ca2+ dependent action potentials (37).  419 
 420 
Live cell imaging 421 
Fluorescent dyes and genetically encoded sensors have been used to monitor intracellular 422 
concentrations of Ca2+, cAMP and glucose in EECs in response to stimulus application. Cell 423 
permeant Ca2+ indicators such as Fura2-AM can be used to load an entire dish of cells, and 424 
have been employed to monitor Ca2+ in a variety of EEC cell lines (67-69). For primary EECs, 425 
however, extra steps must be incorporated that permit EEC identification amongst the 426 
mixture of other cell types, or include prior cell purification. CCK-expressing cells, for 427 
example, have been FACS purified from CCK-eGFP mice and loaded with the Ca2+ indicator 428 
Quest Rhod4, to show that CCK-producing cells exhibited Ca2+ responses to ligands of the 429 
free fatty acid receptor FFA1 (70), and enterochromaffin cells were purified by Percoll 430 
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gradients prior to Fluo-4 loading, to enable Ca2+ imaging of the enterochromaffin cell 431 
population (28-30). More recently, however, we have seen the introduction of genetically 432 
encoded sensors that incorporate a binding domain for the signal of interest, fused to one 433 
or more fluorescent molecules that exhibit altered fluorescence intensity or fluorescence 434 
resonance energy transfer (FRET) upon ligand binding (25,50,71). Genetically encoded 435 
sensors provide the advantage that they can be specifically expressed in the target cell of 436 
interest using transgenic technologies. ROSA26-GCaMP3 reporter mice, for example, 437 
express the Cre-dependent Ca2+ sensor GCaMP3, and can be crossed with mouse strains 438 
expressing Cre-recombinase under EEC-specific promoters to enable Ca2+ recordings in EEC 439 
populations of interest. Most genetic sensors have not, however, yet been incorporated into 440 
Cre-dependent mouse strains, but can be introduced into cell lines by standard transfection 441 
methods to enable monitoring of intracellular cAMP or glucose concentration (50,71). Use 442 
of these sensors in primary EECs requires an additional method for cell identification, such 443 
as a transgenic EEC-specific fluorescent reporter activated at wavelengths that do not 444 
interfere with the sensor, or prior cell purification by FACS. Expression of the genetic sensor 445 
can also be driven directly by an EEC promoter in a transgenic mouse model, as exemplified 446 
by GLU-Epac2-camps, which expresses the cAMP sensor Epac2-camps driven by the 447 
proglucagon promoter to allow cAMP monitoring in L-cells (49). These methods have 448 
enabled dynamic monitoring of GPCR signalling pathways in live EECs following stimulus 449 
application, assessment of net glucose fluxes, and Ca2+ changes downstream of Ca2+ influx 450 
or release from intracellular stores.  451 
 452 
 453 
Assessing physiological EEC stimuli by combined experimental techniques 454 
The models and experimental tools described above have been used to identify a wide 455 
range of stimulants and suppressors of gut hormone release, site of interaction of nutrients 456 
with EECs and some of the molecular pathways involved in nutrient detection and hormone 457 
secretion. Many of the findings from these studies are summarised in Figure 4. As an 458 
example of how the different techniques have been combined to explore a molecular 459 
pathway, we will consider the question of how bile acids trigger GLP-1 secretion. 460 
 461 
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Bile acids have been demonstrated to increase GLP-1 secretion from GLUTag cells, primary 462 
colonic L-cells, ileal organoid-derived L-cells, ileal tissue mounted in Ussing chambers and 463 
perfused intestine (2,5,10,36,72). Knock-down studies in GLUTag cells and the use of tissues 464 
from knock-out mice confirmed that the major receptor involved in the bile acid triggered 465 
GLP-1 secretion is the G-protein coupled bile acid receptor GPBAR1 (also known as TGR5), 466 
which is highly expressed in primary L-cells (2,72,73). Consistent with the known Gs 467 
coupling of GPBAR1, bile acids and the GPBAR1 agonist GPBAR-A increased intracellular 468 
cAMP levels in GLUTag cells transiently expressing the cAMP FRET sensor Epac2-camps, as 469 
well as in primary L-cells in organoids derived from the GLU-Epac2-camps mouse model 470 
(2,36,72). The use of 2D organoid cultures allowed electrophysiology assessment of the bile 471 
acid receptor in ileal L-cells, revealing that GPBAR1 agonism increased action potential firing 472 
and enhanced the activity of voltage gated Ca2+ channels, thereby potentiating Ca2+ signals 473 
triggered by FFA1 agonists, as measured in organoid L-cells from GLU-Cre/GCaMP3 mice 474 
(36). A key question for the potential translational exploitation of GPBAR1 as a drug target 475 
for increasing endogenous GLP-1 secretion is whether small molecule receptor agonists 476 
could target the receptor from the apical membrane, thus enabling the development of 477 
non-absorbable agonists with low side effect profiles. Ussing chamber and perfused 478 
intestine experiments, however, demonstrated that bile acids only enhance GLP-1 secretion 479 
following their absorption across the epithelium, and that non-absorbable GPBAR1 agonists 480 
are only effective when applied from the basolateral direction (2,5,10). Nevertheless, 481 
activation of GPBAR1, particularly in combination with FFA1, provides strong stimulus to L-482 
cells that deserves further exploration as a potential therapeutic strategy.  483 
 484 
Concluding Comments 485 
 486 
Compared with the situation 20 years ago, when studies on gut hormone secretion were 487 
largely restricted to the use of whole animals, perfused intestinal preparations, Ussing 488 
chamber recordings and cell lines, EEC research has exploded recently both in terms of the 489 
techniques and protocols available to researchers and our understanding of the molecular 490 
pathways employed by EECs for stimulus secretion and detection. The use of high 491 
throughput systems such as cell lines and primary cultures has enabled the identification of 492 
a wide range of nutrient and non-nutrient dependent pathways involved in the stimulation 493 
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and inhibition of hormone release. Increased use of intestinal organoids is hoped to 494 
facilitate more translational human based research and reduce the need for ex vivo animal 495 
based studies. The new technologies that use organoid cultures to generate an in vivo type 496 
intestinal architecture with intact barrier function provide promising new avenues for the 497 
study of human and murine EEC function. 498 
 499 
Figure legends 500 
Figure 1: Enteroendocrine cells and their hormones 501 
(a) Table listing the different EEC types and the main hormones/monoamines they produce. 502 
(b) Schematic showing an open-type EEC (blue) facing into the gut lumen, between 503 
neighbouring enterocytes in the intestinal epithelium, highlighting sites of stimulus 504 
detection and hormone (red) secretion.  505 
 506 
Figure 2 Ex vivo and in-vitro models for studying enteroendocrine cells 507 
(a) Table showing the different features and applications of ex vivo (isolated perfused 508 
intestine and Ussing chambers) and in vitro (primary cultures, isolated EECs, organoids) 509 
models described in the text. (b) Schematic of small intestine and colonic epithelium with 510 
the rare EECs (blue) found in both crypts and mature epithelium (villi and surface 511 
epithelium). (c-g) Diagrams showing the different model systems. (c) In isolated perfused 512 
intestine, solutions can be perfused via the intestinal lumen and vascular supply. (d) Ussing 513 
chamber setup, in which tissue forms a barrier between 2 compartments (integrity measure 514 
by electrodes). Solutions can be added to, and sampled from, either compartment. (e) 515 
Single cell digest of intestinal epithelium, enabling EECs to be isolated by FACS or Percoll 516 
density gradient. (f) Primary intestinal monolayers generated by epithelial digestion and 517 
seeding onto a matrix scaffold (black) to form a non-polarised monolayer in which EECs are 518 
intermixed with other epithelial cell types. (g) 3D intestinal organoid structures resembling 519 
in vivo architecture (crypt and villi domains) with polarised epithelium containing all cell 520 
types including EECs. 521 
 522 
Figure 3: Transgenic enteroendocrine cell models 523 
(a) Table listing the current transgenic models used to identify different EEC types. Glu-524 
Venus (green) mouse tissue showing colonic epithelium (b, image by L.Billing), an isolated 525 
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ileal villus (c) and isolated ileal crypts (d). Ileal organoid derived from Glu-Epac2-camps mice 526 
(e), with L-cells highlighted by Epac2-camps expression (green). Scale bar 100μm 527 
 528 
Figure 4: Mechanisms underlying glucose, SCFA, bile acid and amino acid sensing in 529 
enteroendocrine cells. 530 
(a) Glucose sensing in EECs, mediated by 2 pathways leading to cell depolarisation and 531 
opening of voltage gated calcium channels (VGCC), triggering Ca2+ influx and hormone 532 
secretion. Glucose co-transport with Na+ through apical SGLT1 can trigger depolarisation 533 
and secretion, whereas glucose influx via GLUT2 increases ATP levels and closes KATP 534 
channels, potentially modifying the effectiveness of other depolarising stimuli. (b) SCFA 535 
sensing in EECs mediated by FFA2 Gαq signalling, thereby increasing Ca2+ and triggering 536 
hormone release. An unidentified pathway might also trigger EEC depolarisation and 537 
opening of VGCC, as suggested by experiments on perfused intestine. (c) Bile acid sensing is 538 
mediated by basolateral GPBAR1 signalling through Gαs, increasing cAMP and triggering 539 
hormone secretion. GPBAR1 activation also promotes depolarisation and opening of VGCC. 540 
(d) Amino acid sensing in EECs is mediated by multiple pathways. Highlighted here are CASR 541 
Gαq signalling and electrogenic amino-acid uptake which trigger subsequent depolarisation 542 
and opening of VGCCs. 543 
 544 
 545 
 546 
 547 
 548 
References 549 
 550 
1. Haber AL, Biton M, Rogel N, Herbst RH, Shekhar K, Smillie C, Burgin G, Delorey TM, 551 
Howitt MR, Katz Y, Tirosh I, Beyaz S, Dionne D, Zhang M, Raychowdhury R, Garrett 552 
WS, Rozenblatt-Rosen O, Shi HN, Yilmaz O, Xavier RJ, Regev A. A single-cell survey of 553 
the small intestinal epithelium. Nature. 2017;551(7680):333-339. 554 
2. Brighton CA, Rievaj J, Kuhre RE, Glass LL, Schoonjans K, Holst JJ, Gribble FM, Reimann 555 
F. Bile Acids Trigger GLP-1 Release Predominantly by Accessing Basolaterally Located 556 
G Protein-Coupled Bile Acid Receptors. Endocrinology. 2015;156(11):3961-3970. 557 
3. Kuhre RE, Frost CR, Svendsen B, Holst JJ. Molecular mechanisms of glucose-558 
stimulated GLP-1 secretion from perfused rat small intestine. Diabetes. 559 
2015;64(2):370-382. 560 
4. Kuhre RE, Bechmann LE, Wewer Albrechtsen NJ, Hartmann B, Holst JJ. Glucose 561 
stimulates neurotensin secretion from the rat small intestine by mechanisms 562 
 18 
involving SGLT1 and GLUT2, leading to cell depolarization and calcium influx. Am J 563 
Physiol Endocrinol Metab. 2015;308(12):E1123-1130. 564 
5. Kuhre RE, Wewer Albrechtsen NJ, Larsen O, Jepsen SL, Balk-Møller E, Andersen DB, 565 
Deacon CF, Schoonjans K, Reimann F, Gribble FM, Albrechtsen R, Hartmann B, 566 
Rosenkilde MM, Holst JJ. Bile acids are important direct and indirect regulators of 567 
the secretion of appetite- and metabolism-regulating hormones from the gut and 568 
pancreas. Mol Metab. 2018;11:84-95. 569 
6. Pais R, Rievaj J, Larraufie P, Gribble F, Reimann F. Angiotensin II Type 1 Receptor-570 
Dependent GLP-1 and PYY Secretion in Mice and Humans. Endocrinology. 571 
2016;157(10):3821-3831. 572 
7. Pais R, Rievaj J, Meek C, De Costa G, Jayamaha S, Alexander RT, Reimann F, Gribble F. 573 
Role of enteroendocrine L-cells in arginine vasopressin-mediated inhibition of 574 
colonic anion secretion. J Physiol. 2016;594(17):4865-4878. 575 
8. Cox HM, Tough IR, Woolston AM, Zhang L, Nguyen AD, Sainsbury A, Herzog H. 576 
Peptide YY is critical for acylethanolamine receptor Gpr119-induced activation of 577 
gastrointestinal mucosal responses. Cell Metab. 2010;11(6):532-542. 578 
9. Joshi S, Tough IR, Cox HM. Endogenous PYY and GLP-1 mediate l-glutamine 579 
responses in intestinal mucosa. Br J Pharmacol. 2013;170(5):1092-1101. 580 
10. Tough IR, Forbes S, Herzog H, Jones RM, Schwartz TW, Cox HM. Bidirectional GPR119 581 
Agonism Requires Peptide YY and Glucose for Activity in Mouse and Human Colon 582 
Mucosa. Endocrinology. 2018;159(4):1704-1717. 583 
11. Kindel TL, Yang Q, Yoder SM, Tso P. Nutrient-driven incretin secretion into intestinal 584 
lymph is different between diabetic Goto-Kakizaki rats and Wistar rats. Am J Physiol 585 
Gastrointest Liver Physiol. 2009;296(2):G168-174. 586 
12. Mace OJ, Schindler M, Patel S. The regulation of K- and L-cell activity by GLUT2 and 587 
the calcium-sensing receptor CasR in rat small intestine. J Physiol. 588 
2012;590(12):2917-2936. 589 
13. Inagaki E, Natori Y, Ohgishi Y, Hayashi H, Suzuki Y. Segmental difference of mucosal 590 
damage along the length of a mouse small intestine in an Ussing chamber. J Nutr Sci 591 
Vitaminol (Tokyo). 2005;51(6):406-412. 592 
14. Symonds EL, Peiris M, Page AJ, Chia B, Dogra H, Masding A, Galanakis V, Atiba M, 593 
Bulmer D, Young RL, Blackshaw LA. Mechanisms of activation of mouse and human 594 
enteroendocrine cells by nutrients. Gut. 2015;64(4):618-626. 595 
15. Lee YC, Asa SL, Drucker DJ. Glucagon gene 5'-flanking sequences direct expression of 596 
simian virus 40 large T antigen to the intestine, producing carcinoma of the large 597 
bowel in transgenic mice. J Biol Chem. 1992;267(15):10705-10708. 598 
16. Rindi G, Grant SG, Yiangou Y, Ghatei MA, Bloom SR, Bautch VL, Solcia E, Polak JM. 599 
Development of neuroendocrine tumors in the gastrointestinal tract of transgenic 600 
mice. Heterogeneity of hormone expression. Am J Pathol. 1990;136(6):1349-1363. 601 
17. de Bruïne AP, Dinjens WN, Pijls MM, vd Linden EP, Rousch MJ, Moerkerk PT, de Goeij 602 
AF, Bosman FT. NCI-H716 cells as a model for endocrine differentiation in colorectal 603 
cancer. Virchows Arch B Cell Pathol Incl Mol Pathol. 1992;62(5):311-320. 604 
18. Kuhre RE, Wewer Albrechtsen NJ, Deacon CF, Balk-Møller E, Rehfeld JF, Reimann F, 605 
Gribble FM, Holst JJ. Peptide production and secretion in GLUTag, NCI-H716, and 606 
STC-1 cells: a comparison to native L-cells. J Mol Endocrinol. 2016;56(3):201-211. 607 
19. Habib AM, Richards P, Cairns LS, Rogers GJ, Bannon CA, Parker HE, Morley TC, Yeo GS, 608 
Reimann F, Gribble FM. Overlap of endocrine hormone expression in the mouse 609 
 19 
intestine revealed by transcriptional profiling and flow cytometry. Endocrinology. 610 
2012;153(7):3054-3065. 611 
20. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E, Cameron J, 612 
Grosse J, Reimann F, Gribble FM. Short-chain fatty acids stimulate glucagon-like 613 
peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes. 614 
2012;61(2):364-371. 615 
21. Sun EW, de Fontgalland D, Rabbitt P, Hollington P, Sposato L, Due SL, Wattchow DA, 616 
Rayner CK, Deane AM, Young RL, Keating DJ. Mechanisms Controlling Glucose-617 
Induced GLP-1 Secretion in Human Small Intestine. Diabetes. 2017;66(8):2144-2149. 618 
22. Psichas A, Tolhurst G, Brighton CA, Gribble FM, Reimann F. Mixed Primary Cultures 619 
of Murine Small Intestine Intended for the Study of Gut Hormone Secretion and Live 620 
Cell Imaging of Enteroendocrine Cells. J Vis Exp. 2017(122). 621 
23. Reimann F, Habib AM, Tolhurst G, Parker HE, Rogers GJ, Gribble FM. Glucose sensing 622 
in L cells: a primary cell study. Cell Metab. 2008;8(6):532-539. 623 
24. Habib AM, Richards P, Rogers GJ, Reimann F, Gribble FM. Co-localisation and 624 
secretion of glucagon-like peptide 1 and peptide YY from primary cultured human L 625 
cells. Diabetologia. 2013;56(6):1413-1416. 626 
25. Tolhurst G, Zheng Y, Parker HE, Habib AM, Reimann F, Gribble FM. Glutamine 627 
triggers and potentiates glucagon-like peptide-1 secretion by raising cytosolic Ca2+ 628 
and cAMP. Endocrinology. 2011;152(2):405-413. 629 
26. Parker HE, Habib AM, Rogers GJ, Gribble FM, Reimann F. Nutrient-dependent 630 
secretion of glucose-dependent insulinotropic polypeptide from primary murine K 631 
cells. Diabetologia. 2009;52(2):289-298. 632 
27. Liou AP, Sei Y, Zhao X, Feng J, Lu X, Thomas C, Pechhold S, Raybould HE, Wank SA. 633 
The extracellular calcium-sensing receptor is required for cholecystokinin secretion 634 
in response to L-phenylalanine in acutely isolated intestinal I cells. Am J Physiol 635 
Gastrointest Liver Physiol. 2011;300(4):G538-546. 636 
28. Martin AM, Lumsden AL, Young RL, Jessup CF, Spencer NJ, Keating DJ. Regional 637 
differences in nutrient-induced secretion of gut serotonin. Physiol Rep. 2017;5(6). 638 
29. Raghupathi R, Duffield MD, Zelkas L, Meedeniya A, Brookes SJ, Sia TC, Wattchow DA, 639 
Spencer NJ, Keating DJ. Identification of unique release kinetics of serotonin from 640 
guinea-pig and human enterochromaffin cells. J Physiol. 2013;591(23):5959-5975. 641 
30. Zelkas L, Raghupathi R, Lumsden AL, Martin AM, Sun E, Spencer NJ, Young RL, 642 
Keating DJ. Serotonin-secreting enteroendocrine cells respond via diverse 643 
mechanisms to acute and chronic changes in glucose availability. Nutr Metab (Lond). 644 
2015;12:55. 645 
31. Clevers H. Modeling Development and Disease with Organoids. Cell. 646 
2016;165(7):1586-1597. 647 
32. Spence JR, Mayhew CN, Rankin SA, Kuhar MF, Vallance JE, Tolle K, Hoskins EE, 648 
Kalinichenko VV, Wells SI, Zorn AM, Shroyer NF, Wells JM. Directed differentiation of 649 
human pluripotent stem cells into intestinal tissue in vitro. Nature. 650 
2011;470(7332):105-109. 651 
33. Watson CL, Mahe MM, Múnera J, Howell JC, Sundaram N, Poling HM, Schweitzer JI, 652 
Vallance JE, Mayhew CN, Sun Y, Grabowski G, Finkbeiner SR, Spence JR, Shroyer NF, 653 
Wells JM, Helmrath MA. An in vivo model of human small intestine using pluripotent 654 
stem cells. Nat Med. 2014;20(11):1310-1314. 655 
 20 
34. Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, van Es JH, 656 
Abo A, Kujala P, Peters PJ, Clevers H. Single Lgr5 stem cells build crypt-villus 657 
structures in vitro without a mesenchymal niche. Nature. 2009;459(7244):262-265. 658 
35. Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van den Brink S, Van Houdt WJ, 659 
Pronk A, Van Gorp J, Siersema PD, Clevers H. Long-term expansion of epithelial 660 
organoids from human colon, adenoma, adenocarcinoma, and Barrett's epithelium. 661 
Gastroenterology. 2011;141(5):1762-1772. 662 
36. Goldspink DA, Lu VB, Billing LJ, Larraufie P, Tolhurst G, Gribble FM, Reimann F. 663 
Mechanistic insights into the detection of free fatty and bile acids by ileal glucagon-664 
like peptide-1 secreting cells. Mol Metab. 2018;7:90-101. 665 
37. Bellono NW, Bayrer JR, Leitch DB, Castro J, Zhang C, O'Donnell TA, Brierley SM, 666 
Ingraham HA, Julius D. Enterochromaffin Cells Are Gut Chemosensors that Couple to 667 
Sensory Neural Pathways. Cell. 2017;170(1):185-198.e116. 668 
38. Basak O, Beumer J, Wiebrands K, Seno H, van Oudenaarden A, Clevers H. Induced 669 
Quiescence of Lgr5+ Stem Cells in Intestinal Organoids Enables Differentiation of 670 
Hormone-Producing Enteroendocrine Cells. Cell Stem Cell. 2017;20(2):177-190.e174. 671 
39. Petersen N, Reimann F, Bartfeld S, Farin HF, Ringnalda FC, Vries RG, van den Brink S, 672 
Clevers H, Gribble FM, de Koning EJ. Generation of L cells in mouse and human small 673 
intestine organoids. Diabetes. 2014;63(2):410-420. 674 
40. Zietek T, Rath E, Haller D, Daniel H. Intestinal organoids for assessing nutrient 675 
transport, sensing and incretin secretion. Sci Rep. 2015;5:16831. 676 
41. Wang X, Yamamoto Y, Wilson LH, Zhang T, Howitt BE, Farrow MA, Kern F, Ning G, 677 
Hong Y, Khor CC, Chevalier B, Bertrand D, Wu L, Nagarajan N, Sylvester FA, Hyams JS, 678 
Devers T, Bronson R, Lacy DB, Ho KY, Crum CP, McKeon F, Xian W. Cloning and 679 
variation of ground state intestinal stem cells. Nature. 2015;522(7555):173-178. 680 
42. Schweinlin M, Wilhelm S, Schwedhelm I, Hansmann J, Rietscher R, Jurowich C, 681 
Walles H, Metzger M. Development of an Advanced Primary Human In Vitro Model 682 
of the Small Intestine. Tissue Eng Part C Methods. 2016;22(9):873-883. 683 
43. Adriaenssens A, Lam BY, Billing L, Skeffington K, Sewing S, Reimann F, Gribble F. A 684 
Transcriptome-Led Exploration of Molecular Mechanisms Regulating Somatostatin-685 
Producing D-Cells in the Gastric Epithelium. Endocrinology. 2015;156(11):3924-3936. 686 
44. Kay RG, Galvin S, Larraufie P, Reimann F, Gribble FM. Liquid chromatography/mass 687 
spectrometry based detection and semi-quantitative analysis of INSL5 in human and 688 
murine tissues. Rapid Commun Mass Spectrom. 2017;31(23):1963-1973. 689 
45. Roberts GP, Kay RG, Howard J, Hardwick RH, Reimann F, Gribble FM. Gastrectomy 690 
with Roux-en-Y reconstruction as a lean model of bariatric surgery. Surg Obes Relat 691 
Dis. 2018;14(5):562-568. 692 
46. Grosse J, Heffron H, Burling K, Akhter Hossain M, Habib AM, Rogers GJ, Richards P, 693 
Larder R, Rimmington D, Adriaenssens AA, Parton L, Powell J, Binda M, Colledge WH, 694 
Doran J, Toyoda Y, Wade JD, Aparicio S, Carlton MB, Coll AP, Reimann F, O'Rahilly S, 695 
Gribble FM. Insulin-like peptide 5 is an orexigenic gastrointestinal hormone. Proc 696 
Natl Acad Sci U S A. 2014;111(30):11133-11138. 697 
47. Billing LJ, Smith CA, Larraufie P, Goldspink DA, Galvin S, Kay RG, Howe JD, Walker R, 698 
Pruna M, Glass L, Pais R, Gribble FM, Reimann F. Co-storage and release of insulin-699 
like peptide-5, glucagon-like peptide-1 and peptideYY from murine and human 700 
colonic enteroendocrine cells. Mol Metab. 2018. 701 
 21 
48. Patel BA, Bian X, Quaiserová-Mocko V, Galligan JJ, Swain GM. In vitro continuous 702 
amperometric monitoring of 5-hydroxytryptamine release from enterochromaffin 703 
cells of the guinea pig ileum. Analyst. 2007;132(1):41-47. 704 
49. Psichas A, Glass LL, Sharp SJ, Reimann F, Gribble FM. Galanin inhibits GLP-1 and GIP 705 
secretion via the GAL1 receptor in enteroendocrine L and K cells. Br J Pharmacol. 706 
2016;173(5):888-898. 707 
50. Parker HE, Adriaenssens A, Rogers G, Richards P, Koepsell H, Reimann F, Gribble FM. 708 
Predominant role of active versus facilitative glucose transport for glucagon-like 709 
peptide-1 secretion. Diabetologia. 2012;55(9):2445-2455. 710 
51. Svendsen B, Pais R, Engelstoft MS, Milev NB, Richards P, Christiansen CB, Egerod KL, 711 
Jensen SM, Habib AM, Gribble FM, Schwartz TW, Reimann F, Holst JJ. GLP1- and GIP-712 
producing cells rarely overlap and differ by bombesin receptor-2 expression and 713 
responsiveness. J Endocrinol. 2016;228(1):39-48. 714 
52. Sommer CA, Mostoslavsky G. RNA-Seq analysis of enteroendocrine cells reveals a 715 
role for FABP5 in the control of GIP secretion. Mol Endocrinol. 2014;28(11):1855-716 
1865. 717 
53. Gong S, Zheng C, Doughty ML, Losos K, Didkovsky N, Schambra UB, Nowak NJ, Joyner 718 
A, Leblanc G, Hatten ME, Heintz N. A gene expression atlas of the central nervous 719 
system based on bacterial artificial chromosomes. Nature. 2003;425(6961):917-925. 720 
54. Li HJ, Johnston B, Aiello D, Caffrey DR, Giel-Moloney M, Rindi G, Leiter AB. Distinct 721 
cellular origins for serotonin-expressing and enterochromaffin-like cells in the gastric 722 
corpus. Gastroenterology. 2014;146(3):754-764.e753. 723 
55. Engelstoft MS, Park WM, Sakata I, Kristensen LV, Husted AS, Osborne-Lawrence S, 724 
Piper PK, Walker AK, Pedersen MH, Nøhr MK, Pan J, Sinz CJ, Carrington PE, Akiyama 725 
TE, Jones RM, Tang C, Ahmed K, Offermanns S, Egerod KL, Zigman JM, Schwartz TW. 726 
Seven transmembrane G protein-coupled receptor repertoire of gastric ghrelin cells. 727 
Mol Metab. 2013;2(4):376-392. 728 
56. Engelstoft MS, Lund ML, Grunddal KV, Egerod KL, Osborne-Lawrence S, Poulsen SS, 729 
Zigman JM, Schwartz TW. Research Resource: A Chromogranin A Reporter for 730 
Serotonin and Histamine Secreting Enteroendocrine Cells. Mol Endocrinol. 731 
2015;29(11):1658-1671. 732 
57. Bohórquez DV, Chandra R, Samsa LA, Vigna SR, Liddle RA. Characterization of basal 733 
pseudopod-like processes in ileal and colonic PYY cells. J Mol Histol. 2011;42(1):3-13. 734 
58. Glass LL, Calero-Nieto FJ, Jawaid W, Larraufie P, Kay RG, Göttgens B, Reimann F, 735 
Gribble FM. Single-cell RNA-sequencing reveals a distinct population of proglucagon-736 
expressing cells specific to the mouse upper small intestine. Mol Metab. 737 
2017;6(10):1296-1303. 738 
59. Lund ML, Egerod KL, Engelstoft MS, Dmytriyeva O, Theodorsson E, Patel BA, 739 
Schwartz TW. Enterochromaffin 5-HT cells - A major target for GLP-1 and gut 740 
microbial metabolites. Mol Metab. 2018;11:70-83. 741 
60. Wang Y, Chandra R, Samsa LA, Gooch B, Fee BE, Cook JM, Vigna SR, Grant AO, Liddle 742 
RA. Amino acids stimulate cholecystokinin release through the Ca2+-sensing 743 
receptor. Am J Physiol Gastrointest Liver Physiol. 2011;300(4):G528-537. 744 
61. Grün D, Lyubimova A, Kester L, Wiebrands K, Basak O, Sasaki N, Clevers H, van 745 
Oudenaarden A. Single-cell messenger RNA sequencing reveals rare intestinal cell 746 
types. Nature. 2015;525(7568):251-255. 747 
 22 
62. Mangel AW, Prpic V, Wong H, Basavappa S, Hurst LJ, Scott L, Garman RL, Hayes JS, 748 
Sharara AI, Snow ND. Phenylalanine-stimulated secretion of cholecystokinin is 749 
calcium dependent. Am J Physiol. 1995;268(1 Pt 1):G90-94. 750 
63. Strege PR, Knutson K, Eggers SJ, Li JH, Wang F, Linden D, Szurszewski JH, Milescu L, 751 
Leiter AB, Farrugia G, Beyder A. Sodium channel Na. Sci Rep. 2017;7(1):15650. 752 
64. Rogers GJ, Tolhurst G, Ramzan A, Habib AM, Parker HE, Gribble FM, Reimann F. 753 
Electrical activity-triggered glucagon-like peptide-1 secretion from primary murine L-754 
cells. J Physiol. 2011;589(Pt 5):1081-1093. 755 
65. Gribble FM, Williams L, Simpson AK, Reimann F. A novel glucose-sensing mechanism 756 
contributing to glucagon-like peptide-1 secretion from the GLUTag cell line. Diabetes. 757 
2003;52(5):1147-1154. 758 
66. Reimann F, Gribble FM. Glucose-sensing in glucagon-like peptide-1-secreting cells. 759 
Diabetes. 2002;51(9):2757-2763. 760 
67. Reimann F, Maziarz M, Flock G, Habib AM, Drucker DJ, Gribble FM. Characterization 761 
and functional role of voltage gated cation conductances in the glucagon-like 762 
peptide-1 secreting GLUTag cell line. J Physiol. 2005;563(Pt 1):161-175. 763 
68. Young SH, Rey O, Sternini C, Rozengurt E. Amino acid sensing by enteroendocrine 764 
STC-1 cells: role of the Na+-coupled neutral amino acid transporter 2. Am J Physiol 765 
Cell Physiol. 2010;298(6):C1401-1413. 766 
69. Reimer RA, Darimont C, Gremlich S, Nicolas-Métral V, Rüegg UT, Macé K. A human 767 
cellular model for studying the regulation of glucagon-like peptide-1 secretion. 768 
Endocrinology. 2001;142(10):4522-4528. 769 
70. Liou AP, Lu X, Sei Y, Zhao X, Pechhold S, Carrero RJ, Raybould HE, Wank S. The G-770 
protein-coupled receptor GPR40 directly mediates long-chain fatty acid-induced 771 
secretion of cholecystokinin. Gastroenterology. 2011;140(3):903-912. 772 
71. Friedlander RS, Moss CE, Mace J, Parker HE, Tolhurst G, Habib AM, Wachten S, 773 
Cooper DM, Gribble FM, Reimann F. Role of phosphodiesterase and adenylate 774 
cyclase isozymes in murine colonic glucagon-like peptide 1 secreting cells. Br J 775 
Pharmacol. 2011;163(2):261-271. 776 
72. Parker HE, Wallis K, le Roux CW, Wong KY, Reimann F, Gribble FM. Molecular 777 
mechanisms underlying bile acid-stimulated glucagon-like peptide-1 secretion. Br J 778 
Pharmacol. 2012;165(2):414-423. 779 
73. Katsuma S, Hirasawa A, Tsujimoto G. Bile acids promote glucagon-like peptide-1 780 
secretion through TGR5 in a murine enteroendocrine cell line STC-1. Biochem 781 
Biophys Res Commun. 2005;329(1):386-390. 782 
 783 
Cell 
Types 
Main Hormones / 
Monoamine Secreted 
L-cells GLP-1, GLP-2, PYY 
K-cells GIP 
I-cells Cck 
D-cells Somatostatin 
EC Serotonin 
N-cells Neurotensin 
M-cells Motilin  
S-cells Secretin 
X/A like Ghrelin 
ECL-cells Histamine 
G-cells Gastrin 
EEC nutrient sensing 
Apical Lumen 
Hormones 
secreted 
EEC nutrient sensing 
Basal side of Enterocytes 
b a 
Intestinal Monolayers 
Isolated EECs 
Organoids 
Ussing Chambers 
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e
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) 
E
x
p
e
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t 
T
im
e
 
W
in
d
o
w
 
Isolated Perfused 
Intestine 
X X X X X X hrs 
Ussing Chambers X X X X X X hrs 
Primary 
Monolayer 
X X X X X X days 
Isolated EECs X X X X days 
Organoids X X X X X X X X years 
Organoid derived 
monolayer 
X X X X X X days 
Small Intestine Colon 
Tissue 
forms a 
barrier 
Add solutions / 
drugs to chamber 
Measure 
hormones 
Electrodes to measure ion flow + 
tissue integrity 
b 
d 
e 
FACS  
Density 
separation 
f 
g 
Villus 
domain 
Crypts 
Villus 
Surface 
Epithelium 
C
ry
p
ts
 
Isolated Intestinal Perfusion 
Lumen 
vascular 
Vascular 
application 
c 
a 
Hormone 
Promoter 
Targeted 
Cell-
Type 
Transgenic 
model 
ChgA EC-cells ChgA-hGFP (56) 
GLP-1 L-cells 
mGlu-Venus (23) 
Glu-Epac2-camps 
(49) 
Glu-Cre (50) 
GIP K-cells 
Gip-Venus (26) 
Gip-GFP (52) 
Gip-Cre (51) 
CCK I-cells Cck-GFP (53) 
SST D-cells Sst-Cre (43) 
5-HT EC-cells Tph1-CFP (54) 
Ghrelin X/A like Ghrelin-hrGFP (55) 
PYY L-cells PYY-GFP (57) 
Ileal Organoid 
Glu-Epac2camps 
e 
mGlu-Venus 
Colonic Epithelium b 
mGlu-Venus mGlu-Venus 
Villus Crypts c d 
a 
↑Ca2+ 
CaSR 
Amino  
Acids  
Electrogenic 
Transporters  
(B0AT1, 
SNAT2 etc) 
↑Ca2+ 
↑Ca2+ 
? 
? 
SCFA 
SCFA 
G⍺q 
FFA2 
↑Ca2+ 
↑cAMP 
? 
? 
a b c d 
